MEMS thermal actuators have been employed in a broad range of applications, often operating in different environments (e.g. vacuum, air or liquid). Since the involved heat dissipation mechanisms are different in different operating environments, the device performances are expected to be different. In this paper, we report experimental measurement and multiphysics modeling of device performance metrics of a recently introduced thermal actuator, the Z-shaped thermal actuator, including temperature distribution, electric resistance and displacement in both air and vacuum environments. The temperature measurement was based on Raman scattering in air. Fully 3D multiphysics (coupled thermo-electro-mechanical) simulations were performed to treat both air and vacuum environments. Heat conduction through air to neighboring devices is important, while heat convection to air is negligible. The experimental and modeling results agreed well, which demonstrated the accuracy of the temperature-dependent material properties used in the modeling. Fully 3D multiphysics modeling combined with valid material property parameters will enable the exploration of the design space and the optimization of performances of the MEMS thermal actuators for different operating environments.
Introduction
In the field of microelectromechanical systems (MEMS), thermal actuators operate at low actuation voltage but provide compact, stable and high-force loading. MEMS thermal actuators with different topographies have been demonstrated for in-plane actuation, including U-shape [1, 2] , V-shape [3, 4] and Z-shape [5] , with complementary features. These actuators are employed in a broad range of applications including an onchip nanoscale material testing system [6] [7] [8] , a nanopositioner [9, 10] and a micro-gripper for single cell manipulation [11, 12] , often operating in different environments (e.g. vacuum, air or liquid). As an example, thermal actuators have been used for nanomechanical testing inside scanning/transmission electron microscopes (in vacuum) [7] or under an optical microscope (in air) [13] . The involved heat dissipation mechanisms are different in different operating environments; it is thus of relevance to measure how such a difference impacts the resulting temperature distribution, electric resistance and actuator displacement. In the case of Z-shaped thermal actuators (ZTAs) [5, 14] , their displacement and electric resistance have been characterized in vacuum, but not in air. In addition, no temperature measurement has been reported.
On the other hand, it is useful to explore the design space and optimize the performances of the MEMS thermal actuators for different operating environments. For this purpose, multiphysics modeling including electric, thermal and structural (mechanical) domains plays an important role [15] [16] [17] [18] . One requirement as well as a challenge for multiphysics modeling is accurate material properties, more specifically the temperature-dependent ones [19] . A comparison of device performance metrics between modeling and experiments could provide an indirect method Figure 1 . SEM image of a ZTA with a neighboring (reference) device on top. 19 different positions are marked for temperature measurement. The dashed box defines the area for multiphysics simulations in air (figure 6). The current flows through the Z-shaped beams. The eccentricity is marked as l in the figure. Note that the straight beams are heat sink beams as reported in [16, 20] .
to determine or at least validate these property parameters, especially under multiple operation environments (e.g. vacuum and air).
In this paper, we report the experimental measurement and multiphysics modeling of the device performance metrics of a ZTA including displacement, electric resistance and temperature distribution in both air and vacuum. The temperature measurement was based on Raman scattering in air. Fully 3D multiphysics (coupled thermo-electromechanical) simulations were performed to treat both air and vacuum environments. The experimental and modeling results agreed well, which demonstrated the accuracy of the temperature-dependent material properties used in the modeling. This paper begins with a brief description of the ZTA followed by the experimental methods to measure the device performances as well as the multiphysics modeling. Then the modeling and experimental results of the device performances are discussed. Comparison between the experimental and modeling results plus additional parametric study are put forth to determine the material property parameters.
Experimental and modeling methods

Z-shaped thermal actuator
The ZTA is a relatively new member in the family of thermal actuators and could be complementary to the widely used comb drives and V-shaped thermal actuators. It consists of a suspended shuttle supported by two symmetric arrays of thin beams that are anchored to the substrate, as shown in figure 1 . The ZTA dimensions are listed in table 1. Note that the dots in figure 1 are positions where temperature measurement was taken (to be described later). These beams are Z-shaped, kinked toward the direction of the desired displacement. When a voltage is applied across the actuator, the Joule heating effect generates heat and temperature rise in the beams. As a result, the beams expand. Due to the short vertical beam in the Z-shape design (eccentricity as defined in figure 1 ) and the overall symmetry, the Z-shaped beam deflects and moves the central shuttle forward (downwards in figure 1 ). The geometry of the ZTA amplifies the relatively small thermal expansion in beams to achieve a much larger displacement of the center shuttle. The ZTAs were fabricated at MEMSCAP (Durham, NC) using the silicon-on-insulator multi-user MEMS processes. The structure layer is n-type (phosphorus-doped) single crystalline silicon (SCS).
Experimental method
The device performances such as displacement and electric resistance were measured in both vacuum and air, while the temperature distribution was only measured in air due to the employment of Raman spectroscopy [20, 21] . The measurements in vacuum were conducted inside a scanning electron microscope (SEM) via an electric feedthrough [5] ; the displacement resolution is about 1 nm. To measure the electric resistance, the voltage across the ZTA was measured at a given current. The measurements of displacement and temperature distribution in air are described in detail below. The ZTA displacement in air was measured under an optical microscope (100 × ) using edge detection, an image correlation method. A series of optical images of the ZTA were taken at different current levels ( figure 2(a) ). ImageJ was used to process the images. It was used first to enhance the contrast of the edges ( figure 2(b) ), then to plot the grayscale (i.e. intensity value) along a line across two edges, defined in figure 2(b) ; one edge is of the ZTA and the other is of a stationary reference device. The distance between these two devices is 2 μm when no current is applied. Two intensity distributions at two different current levels are shown in figures 2(c) and (d) for comparison. Following an algorithm developed previously for edge detection [6] , the ZTA displacement was obtained in terms of number of pixels. Using the calibration factor of the optical image at the given magnification, the displacement was converted from pixel to nanometer. The displacement for 8 mA current in air is 0.29 μm, measured by comparing figures 2(c) and (d). Since ImageJ offers subpixel resolution (e.g., one-tenth of a pixel), 7 nm displacement resolution was obtained in our measurement.
The temperature distribution of the ZTA in air was measured using a HORIBA LabRAM HR Raman microscope. The excitation source was a 633 nm laser. The laser power on the sample was kept below 3 μW to avoid laser-induced local heating, using the D4 filter. The objective lens was 100 × with a numerical aperture of 0.9. The focused laser spot was about 1 μm in diameter. The Raman signal was collected in backscatter through the microscope objective, relayed to a grating spectrograph and detected using a deep-depletion, thermoelectrically cooled CCD camera. Each measurement took approximately 60 s.
Raman scattering is an inelastic light scattering process in which a small fraction of incident photons from a light source couple with the optical phonon modes of the solidstate medium and are scattered at frequencies that are shifted by the phonon vibrational energies. The Raman interaction leads to two possible outcomes: Stokes Raman scattering (the material absorbs energy and the emitted photon has a lower energy than the absorbed photon) and anti-Stokes Raman scattering (the material loses energy and the emitted photon has a higher energy than the absorbed photon). With increasing temperature, the location of the Raman peak shifts toward lower phonon energy, the Raman spectrum is broadened and the intensity of the anti-Stokes signature relative to the Stokesshifted line increases. Kearney et al found the peak position of the Stokes-shifted Raman spectrum to be a robust indicator of temperature compared to the other two measures [21] ; therefore, the Stokes shift was recorded in our experiments.
Modeling method
Nonlinear multiphysics finite element simulation was carried out using ANSYS 13.0 to study the displacement, electric resistance and temperature distribution of the ZTA. The ZTA behaviors were simulated both in vacuum and in air. For the vacuum environment, the only heat dissipation mechanism is the heat conduction through the device itself to the anchors (substrate). For the air environment, two additional heat dissipation mechanisms could contribute: the thermal conduction through the air to the silicon substrate and neighboring devices, and the thermal convection from the ZTA to the air. The thermal radiation was not considered in our simulations.
The simulation is a coupled-field analysis involving electric, thermal and mechanical fields. The input is the electric current across the ZTA and the output includes the actuator temperature and displacement fields. Temperature increase in the anchors (i.e. contact pads) is neglected due to the relatively low temperature increase in this work; therefore, thermal boundary conditions are zero temperature change at the anchors for the vacuum environment, but zero temperature change at the anchors, the surrounding substrate and the neighboring device (e.g. the reference device on top of the anchors of the ZTA in figure 1) for the air environment. The mechanical boundary conditions are fixed displacements at the anchor sites. Element type SOLID 98 was used for the ZTA, the neighboring device and the surrounding substrate and SOLID 70 (heat transfer element) was used for the air. The laboratory temperature during the Raman experiments (296 K) is set as the reference temperature in the simulations. The material parameters used in the simulations are listed in table 2.
Results and discussion
The Raman spectra are typically fit to a Voigt lineshape function to determine the Stokes peak location. Figure 3 shows representative Stokes-shifted Raman spectra at three different current levels. To calibrate the Raman (Stokes) shift as a function of temperature, a MEMS chip containing many ZTAs was placed on top of a hot plate. A large area of the device layer was chosen, where both the Raman scattering and the infrared thermometer-based temperature measurement were conducted. The Raman spectrum was fit to the Voigt function to determine the Stokes peak location. Figure 4 shows the Raman shift as a function of the substrate temperature, which follows a linear relationship given by
where 0 and are the measured peak positions at the laboratory temperature of 296 K and at the operating temperature, respectively. Note that the substrate used for the Raman calibration is made of the same n-type SCS as the ZTAs are. Following equation (1), the 'measured' temperatures for different applied temperatures were calculated and plotted as the second y-axis in figure 4 . Comparing the measured and applied temperatures, we obtained the uncertainty of temperature measurement using our Raman microscope as ± 0.34 K. The multiphysics simulations of the ZTA were carried out for both vacuum and air environments. The ZTA dimensions used in the ANSYS model are identical to those of the real device, as listed in table 1. Temperature-dependent parameters were used; for instance, the electric resistivity of the doped SCS used to fabricate our ZTAs could vary due to the doping concentration, temperature, etc. The temperature coefficient of resistance (TCR) of doped SCS used in our simulation is 3 × 10 −3 K −1 . TCR ranges from negative to positive for semiconductors depending on the doping level [22] . In this work, the positive TCR within the typical range for heavily doped SCS is discussed. Figure 5 shows the displacement and temperature contours in vacuum, while figure 6 shows them in air. As mentioned above, in vacuum, the only heat dissipation mechanism is through the Z-shaped beams to the substrate. As shown in figure 5(a) , the highest temperature increase at 8 mA current is 143.6 K, which is located on the Z-shaped beam close to the shuttle. Note that the highest temperature is not at the middle of the shuttle due to the presence of two heat sink beams (on top). A heat sink beam that can be co-fabricated with the device provides an effective way to control the temperature distribution, especially in vacuum where no other heat dissipation mechanisms are available [20] . In air, two additional heat dissipation mechanisms are heat conduction to the neighboring device through an air gap and heat convection to air. Our simulations considered both additional dissipation mechanisms. For instance, at 8 mA current, the maximum temperature increase is 139.3 K and 122 K considering heat convection only and heat conduction to the neighboring device only, respectively. If considering both dissipation mechanisms, the maximum temperature increase is 119.4 K as shown in figure 6(a) . Therefore, the heat conduction to the neighboring device through an air gap is considerable (21.6 K difference from the vacuum environment), while the heat convection to the air is modest (4.3 K difference). At 8 mA current, displacements of 0.336 μm and 0.254 μm and electric resistances of 479.6 and 461.6 are obtained for vacuum and air environments, respectively.
Clearly, heat conduction to the neighboring device plays an important role in the temperature and other device performances (e.g., displacement and electric resistance) of the ZTA. To further evaluate the effect of heat dissipation to the neighboring device, we systematically varied the distance of the air gap. Figure 7 shows the temperature at position 1 as a function of the air gap distance. When the air gap is small (e.g. 1 μm), the heat loss through the gap is important, causing nearly 40 K decrease in temperature (for 8 mA current). When the air gap is large (e.g. >20 μm), the heat loss through the gap is negligible. This provides a valuable design guideline for MEMS thermal actuators.
The temperature measurements were performed on a total of 19 positions on the ZTA as marked by dots in figure 1 . Table 3 lists all the measured temperatures at these positions 20 K can be seen. Such a discrepancy could come from several sources, such as laser-induced heating, instrument drift, accuracy of peak location, temperature-induced axial stress and the slope of the calibration curve fit. Since our laser power was kept below 3 μW, the laser-induced heating was negligible. Instrument drift was identified to cause ± 9 K error over the course of one day [21] . However, our measurement at each position took only ∼1 min. In addition, before measuring each position on the device, we measured the substrate as reference. Temperature at each position was then deduced based on the relative change in peak location. Therefore, instrument drift was negligible too. The accuracy of peak location was assumed to cause less than ± 3 K error for the temperature range in this work (from room temperature up to 420 K) [21] , since the same fitting method was used to fit the Raman data. Our FEM modeling found that the maximum stress in our temperature range was no more than 40 MPa, so stress-induced error was estimated to be ± 1.5 K [21] . Error in estimating the slope of the linear fit to the calibration data in figure 4 was found to be ± 0.34 K. Overall, the total uncertainty was estimated to ± 3.4 K using vector summation. Such an uncertainty is slightly larger than that ( ± 1.5 K) for SCS fabricated by SOI-MUMPS [17] , and smaller than that ( ± 10 K) for polysilicon [21] . Another possible source is the temperature boundary condition used in the simulations. The anchors are assumed to remain at room temperature but in reality could be modestly heated [18] . In fact, our Raman thermometry results showed that the two points (12 and 19) near the anchors were heated up to 12 K at 8 mA current; see table 3 and figure 8(b) .
The experimental and simulation results on the electric resistance, the temperature at position 1 and the maximum displacement (at the front edge of the shuttle) are compared, as shown in figure 9 . Note that all three parameters are reported for both vacuum and air environments except the temperature, for which only the experimental results in air exist. The temperature at position 1 is of relevance for many applications since the specimen is connected to this end. Nearly all the comparisons agree very well, which is actually very challenging to achieve in view of the fact that many material property parameters are involved with some temperaturedependent parameters. This indicates the overall accuracy of the material properties used in this work.
To further validate the material property parameters, we could systematically vary them and evaluate the results. Since the parameters we used led to good agreement with experiments, we did not perform the extensive parametric study but rather focused on one parameter, electric resistivity, as an example. Four different resistivity expressions were employed. The simulated electric resistances, temperatures and displacements at position 1 in air with varying prefactors (i.e. room temperature resistivity) are shown in figure 10 as functions of the applied current level. The device performances with varying TCR are shown in figure 11 . Figures 10 and  11 show that the device performances highly depend on the prefactor and TCR. In view of the close agreement between experiments and simulations as shown in figure 9 , these parametric studies validated the resistivity expression used in this work.
Conclusions
We report a comprehensive investigation of the device performances of ZTAs by combined experimental measurement and multiphysics modeling. The highest temperature in air was found to be 24.2 K lower than that in vacuum for 8 mA applied current. Heat conduction through air to neighboring devices is important, while heat convection to air is negligible. It was found that at least 20 μm gap is required between the ZTA and the neighboring device so that the ZTA can be considered as thermally isolated. In terms of modeling thermal actuators, most of the literature reports are only for the vacuum environment, where heat dissipation to air is either neglected [2] or treated in specific cases (e.g. 1D model to account for heat conduction through air to substrate) [18] . The fully 3D multiphysics modeling reported here takes into account heat dissipation to air. In addition, the material property parameters used in this work are found to provide realistic results that agree well with the experimental results in terms of major device performances (e.g. temperature distribution, displacement and electric resistance). Fully 3D multiphysics modeling combined with validated material property parameters, as demonstrated in this work, will find broad applications for MEMS devices fabricated by the SOI-MUMPs.
